Fully dense aluminium nitride (AlN) ceramics consolidated by aqueous slip casting were obtained after sintering at 1750°C for 2 h. The obtained samples were characterized by Vickers hardness (1000 Hv), flexural strength (200 MPa) and thermal conductivity (115 W/mK). YF 3 and CaF 2 were used as sintering additives in total amounts ranging from 5 to 7 wt% in YF 3 /CaF 2 weight ratios of 1.25, 1.5, and 2. The compatibility between the thermochemically treated AlN powder and the sintering additives in the aqueous suspensions was investigated by rheological and zeta potential measurements. Highly concentrated (50 vol%) and well-dispersed suspensions could be prepared and used to consolidate homogeneous green bodies by slip casting. The phosphate species used to protect the surface AlN particles against hydrolysis could no longer be detected at temperatures higher than 1400°C. X-ray diffraction results revealed that all the new crystalline phases formed upon sintering belong to the system Al-Y-O-Ca, but their specific compositions as well as the thermal properties of the sintered materials were shown to depend on the total amount and ratio of sintering aids.
I. INTRODUCTION
Aluminium nitride is an interesting ceramic material due to its good thermal conductivity, low-dielectric loss, and thermal expansion behavior matching that of silicon. 1, 2 These properties are very important for applications as substrates for highly integrated microelectronic packaging and have motivated a large number of studies aiming at property optimization and establishing a better understanding of the relationships between processing, microstructural features, and final properties. [3] [4] [5] Because of the covalent bonds, AlN has a low diffusivity and requires a high temperature (1900-2000°C) for sintering. The use of sintering aids is the approach more extensively studied to enhance AlN densification at relatively lower temperatures. The additives more frequently used in the sintering of aluminium nitride are Y 2 O 3 and CaO, [6] [7] [8] [9] which provide low-melting point liquids in reaction with Al 2 O 3 on the surface of AlN particles. These liquids crystallize on cooling to calcium aluminates for CaO additives and yttrium aluminates for the Y 2 O 3 additive. However, since the presence of oxygen is detrimental for thermal conductivity, many efforts have been made to use sintering aids without oxygen in the composition. [10] [11] [12] Other sintering conditions, such as atmosphere, furnace, sintering temperature and holding time are also crucial to eliminate oxygen from the AlN lattice or grain boundaries. Manipulating all of these factors in the proper way can eliminate the major defects and, consequently, improve the thermal conductivity, the most important property of this material. [3] [4] [5] In fact, thermal conductivities of aluminium nitride often differ significantly from the theoretical value (320 W/mK) because several existing defects, such as pores and grain boundary segregations, as well as point defects within the AlN lattice, cause a considerable decrease of thermal conductivity.
Obviously, the quality of ceramic processing based on powder technology, including many steps from the preparation of raw materials to the sintering of shaped components, is a key point. Each step is, in different ways, crucial for the ultimate material properties. The quality of the starting powders, particle size, particle size distribution, and particle shape are crucial factors, which, in an integrated way influence the final material properties. 13, 14 Moreover, the use of wet consolidation technologies such as slip casting, which allow the forces between particles within a liquid to be controlled, increase the packing ability of a given powder and consequently the final material homogeneity, density, and mechanical strength. [15] [16] [17] [18] [19] [20] An effective breakdown of particle agglomerates in the preparation of the powder suspension, an effective stabilization of the particles, and optimized casting conditions will favor the densification process. Furthermore, when powders with different particle size distributions and surface chemistry properties are to be mixed, as in the case of suspensions in the presence of small quantities of sintering aids, colloidal shaping techniques offer advantages for distributing all the components homogeneously.
Because of the well-known reactivity of AlN powders with water, organic solvents are usually preferred for colloidal processing of AlN-based materials. However, organic solvents are expensive, unsafe, and volatile, requiring the control of emissions into the atmosphere. These drawbacks pose new challenges to the scientific community, and much research has been undertaken in recent years aimed at replacing the traditional organic solvents with water [21] [22] [23] [24] [25] [26] [27] and sintering AlN powders at temperatures lower than those typically used. [28] [29] [30] [31] [32] The achievement of these goals would have positive impacts at different levels (scientific, technologic, environment, economic, health, and other societal aspects).
The present work had a 4-fold objective: (i) study the dispersing ability of a thermochemically treated AlN powder and of YF 3 and CaF 2 as sintering additives in aqueous media, (ii) prepare highly concentrated and low viscosity suspensions suitable to consolidate green bodies by slip casting, (iii) investigate the influence of total amount and the ratio of sintering aids on sintering ability and on the final properties of AlN ceramics, and (iv) significantly decrease the usual temperatures required for sintering AlN ceramics.
II. EXPERIMENTAL PROCEDURE

A. Material and characterization techniques
The AlN powder used was supplied by Starck (Grade C, H.C. Starck, Berlin, Germany). The powder was thermochemically treated with aluminium di-hydrogenphosphate (Bindal A, TKI, Hrastnik, Slovenia) species following a procedure reported elsewhere. 21, 25 CaF 2 (Grade-325 mesh, 99.9%, Aldrich, Steinheim, Germany; ‫ס‬ 3.18 g/cm 3 ) and YF 3 (99.9%, Aldrich, ‫ס‬ 4.01 g/cm 3 ) used as sintering additives underwent a previous planetary milling process in ethanol for 22 and 48 h, respectively. The aim was to deagglomerate them and reduce their particle sizes as much as possible to enhance the degree of homogeneity and obtain a good distribution of the sintering additives in aqueous suspensions of AlN. A polyacrilic acid (Duramax 3005, Rohm and Haas, Lauterbourg, France) was used as the dispersant.
The particle size distributions of all the raw materials were measured by a laser scattering technique using a Coulter LS230 particle size analyzer (Coulter LS230, Buckinghamshire, UK). The zeta-potential measurements of the AlN-treated powder and of the sintering aids (YF 3 and CaF 2 ) were performed in the absence and in the presence of dispersant using either a Brookhaven Zeta meter (Brookhaven ZetaPlus, Holtsville, NY) or a Coulter (Delsa 440 Sx, Coulter). The powders were suspended in distilled water, and each suspension was divided into two equal parts for increasing and decreasing pH runs (by using NaOH or HCl solutions, respectively, to adjust the pH values).
B. Preparation and characterization of suspensions
Based on the electrophoretic measurements and on some results already reported, 21, 22 aqueous suspensions with 50 vol% powder mixtures containing different weight proportions of AlN/CaF 2 /YF 3 were prepared using the optimized dispersion conditions (1 wt% Duramax 3005). Table I summarizes the different compositions tested and the respective sample codes. The as-prepared suspensions were deagglomerated during 24 h in a polyethylene bottle containing Teflon balls. Rheological properties of the suspensions were determined using a rotational Rheometer (Bohlin C-VOR Instruments, Worcestershire, UK). The measuring configuration adopted was a cone and plate (4°, 40 mm, and gap of 150 m), and flow measurements were conducted between 0.1 and 800 s −1 .
C. Preparation and characterization of the green slip-cast and sintered bodies
The slurries prepared as described above were poured into plastic rings that were placed on absorbent plaster plates to obtain cylindrical cakes with a thickness of about 3-4 mm. For flexural strength measurements, small test bars with average dimensions of 4 × 5 × 50 mm 3 were prepared by slip casting. The green bodies were left to dry at room temperature overnight and then at 80°C for 24 h. The resulting green bodies were embedded in a powder mixture of 80 wt% AlN-20 wt% BN in a closed graphite crucible and sintered in a furnace with a graphite heating element (Termolab, Águeda, Portugal) under flowing nitrogen atmosphere according to the following heating schedule: 20°C/min up to 1250°C, 10°C/min from 1250 to 1650°C, 1 h holding time at 1650°, 5°/min up to 1750°C with 2 h holding at this temperature. The densities of the green and sintered bodies were measured according to Archimedes' method by immersion in mercury and diethyl-phthalate, respectively. The crystalline phases of the sintered specimens were identified using x-ray diffraction (XRD; Rigaku, Tokyo, Japan) with Cu K ␣ radiation. The microstructure of fracture surfaces was observed by scanning electron microscopy (SEM; Hitachi S-4100, Tokyo, Japan). Grain boundaries were investigated by transmission electron microscopy (TEM; Hitachi, 9000 NA). The thermal diffusivity (␣) was measured by the laser flash method using a commercial instrument (Thermaflash 2200, Holometrix, Bedford, MA). Disk-shaped samples 12.7 mm in diameter and 1-2 mm thick were used for these measurements. The thermal conductivity (K) of the tested materials was determined from Eq. (1):
where C p is the heat capacity assumed to be the same as that for pure dense aluminium nitride at 25°C (∼0.8 J g −1 K −1 )], and is the density of the material. Flexural strength was measured in a series of 25 specimens with average dimensions of 3 × 4 × 40 mm using a three-point bending device and Shimadzu instrument (Shimadzu, Kyoto, Japan) at a strain rate of 0.5 mm/min. For all the samples, the load-displacement curves presented an elastic region ending with brittle fracture. Vickers microhardness tests were carried out using a Shimadzu microhardness tester (Shimadzu, Dataletty 150) with a microscope attached. Polished AlN samples were indented with a Vickers diamond pyramidal indenter with a square base and 136°pyramidal angles. The load was 0.2 kgf. Several indentations were made, and the averaged micro hardness values were taken for the analysis.
III. RESULTS
A. Characterization and deagglomeration of the powders
In the slip-casting process, one of the most important features of any powder system is the manner by which individual particles pack together in the powder compact. Particle size and particle size distribution are important factors that influence the particle packing and, consequently, the sintering behavior of ceramic bodies. Moreover, fine divided particles of the sintering aids are crucial for obtaining a homogeneous viscous liquid phase that promotes mass transport. Due to these requests, sintering aids were previously submitted to a milling process to reduce the size of agglomerates and coarser particles. After milling, CaF 2 exhibited two particle populations, the main one centered at ∼0.65 m and the other one at ∼2 m. In the same manner, YF 3 after milling exhibited a bimodal distribution with the finer and most intense one centered at ∼0.6 m and the coarser one centered at ∼3 m.
B. Dispersing ability of the powders and characterization of the suspensions
The dispersing ability of the powders in water was accessed by electrophoretic and rheological measurements. Figure 1 shows the results of zeta potential versus pH measurements in the absence [ Fig. 1(a) ] and in the presence of 1 wt% dispersant [ Fig. 1(b) ].
The basic surface characteristics of CaF 2 and YF 3 powders are evident from Fig. 1(a) , exhibiting isoelectric points (pH IEP ) at pH ∼11 and pH ∼10, respectively. However, the positive zeta potential values increase faster in the case of the YF 3 that of the AlN powder as received (AlN-AR), which shows a pH IEP near 9. These results are according to other values reported in literature. 21 Figure 1(b) shows that adding 1 wt% anionic dispersant Duramax 3005 caused significant shifts in the values of pH IEP toward the acidic range, especially in the case of sintering additives. At the inherent pH of the suspensions (pH ∼8.5), the dissociated polyanionic groups will strongly adsorb at the surface of the positively charged particles of CaF 2 and YF 3 powders, reversing the surface charge signal. These results indicate that strong repulsive interaction forces between the particles of all dispersed components (AlN, YF 3 and CaF 2 ) will predominate in the presence of 1 wt% dispersant at the inherent pH of the suspensions, keeping the particles away from each other and consequently promoting deflocculation. Duramax 3005 was revealed to be a strong surface charge modifier enhancing the negative zeta potential for all the powder components and giving satisfactory high absolute zeta potential values to enable the preparation of highly concentrated suspensions.
The compatibility between the sintering aids and the treated AlN powder in aqueous media was also tested by rheological measurements using highly concentrated suspensions. When the reference suspension without additives was compared with the one containing the highest amount of sintering additives tested (4 wt% YF 3 + 3 wt% CaF 2 ), it was observed that both suspensions displayed moderate shear thinning characteristics along the typical low shear rate range involved in the slip casting process. In summary, no significant differences in viscosity were evident, indicating that a good compatibility among all the dispersed powders had been obtained. These observations are consistent with the results of zeta-potential measurements presented in Fig. 1(b) .
Measuring the green densities of the slip cast samples is yet another way to evaluate the dispersion degree of the powders in the suspension because a better dispersion means a higher ability for particles packing during slip casting. Table II shows the relative density (percentage of theoretical density, % TD) of the green bodies prepared from the suspensions with a total solids loading of 50 vol% of the different compositions tested (see Table I ).
The high green density obtained for all samples emphasizes the good dispersion level of the suspensions as well as favorable colloidal interactions between the particles of all the components. The composition without sintering additives presents the lowest density, although a value of 61.9 wt% is a good indicator of high particle packing. The green density improved in the presence of sintering additives; the highest value (∼66 wt%) was observed for the composition F with the highest contents of sintering additives. The comparison of samples A and B with added single sintering additives, 5 wt% CaF 2 and 3 wt% YF 3 , respectively, leads to the conclusion that YF 3 favors the achievement of higher green density values. Considering the similarities between the particle size distributions of both sintering additives after milling, the observed differences are likely due to the different specific gravity values of the sintering additives and a higher degree of stabilization obtained in the case of added YF 3 . As a matter of fact, at the inherent pH of the suspensions (pH ∼8.5) in the presence of 1 wt% Duramax, YF 3 presents higher zeta potential values than CaF 2 or AlN. Strong repulsive forces among particles keep them away from each other and consequently improve the degree of stabilization of the suspension and enhance particle packing. Table III presents some properties (sintered density, thermal conductivity, Vickers hardness, and flexural strength) of sintered ceramics obtained by aqueous slip casting. The data of thermal conductivity were corrected to zero porosity using Klemens' equation 33 to better discriminate the effect of porosity on thermal conductivity.
C. Characterization of the AlN sintered samples
Except the pure AlN samples that presented a relatively low sintered density (∼80%) and the sample with added 5 wt% CaF 2 (composition A, ∼99%), all the other compositions exhibit high densification levels (>99.5% TD), which tend to increase with an increase in the total amount of sintering additives. Nearly fully dense materials were obtained for compositions D and E. However, compositions B and C with the lowest total amount of sintering additives (3 wt%) are denser (>99.5% TD) than composition A (99% TD) with 5 wt%, the same total amount as in the fully dense composition D (100% TD). For composition F with the highest amount of sintering additives, the sintering density decreased (99.5 wt% TD), probably caused by an excess of secondary phases. These observations led to the conclusion that both the composition and the amount of sintering additives play important roles. In the system CaF 2 -YF 3 , the latter component is clearly the most effective one.
Incomplete densification might be caused by the incomplete oxygen consumption at the grain boundaries and an insufficient amount of liquid phase formed. 3, 29 This easily explains the lowest density of pure AlN samples (80% TD). According to the phase diagram of Fig. 2, 34 the mixtures CaF 2 + YF 3 in the ratios tested in the present work should melt between 1200 and 1300°C, whereas in the case of sample A with a lower relative density (99% TD), the formation of a liquid phase is expected to occur only at higher temperatures of about 1400°C. The sintering additives react with oxygen present at the grain boundaries, which exerts a deleterious sintering effect by shifting the appearance of the liquid phase to temperatures higher than those predicted from Fig. 2 . 3, 11 In any case, a liquid phase is present at the sintering temperatures used in this investigation (1750°C). During sintering, the liquid phase attempts to occupy the lowest free energy position, thereby flowing to the finest capillaries, which have the highest energy per unit volume. When there is insufficient liquid to fill all the pores, the liquid attempts to pull the particles together to minimize the free energy. On the other hand, dissolution of the alumina present at the surface of AlN particles and the re-precipitation of the Y-Al-O phases improve the densification behavior due to the wetting behavior of these phases. Complete wetting is a requirement for liquid phase sintering. However, when good wetting is observed, higher amounts of oxygen are present at the grain boundaries, and consequently, the thermal conductivity decreases. 35 Figure 3 shows the microstructures of the polished samples (back scattering images) of the different compositions, where white color corresponds to the secondary phases and the black one to the AlN grains. All the microstructures confirm the density results presented in Table III . Except sample A, which presents some porosity associated with lower amounts of secondary phases between the grains, all samples present full or nearly full density. Intergranular liquid phases are located at the AlN grain boundaries connecting the grains, and their thickness seems to increase with an increase in the total amount of sintering aids, independent of the ratio between both. Because higher amounts of secondary phases could improve densification behavior, the density value is lower in the case of sample F due to the lower theoretical density of the secondary phases when compared with crystalline AlN.
The sintering additive compositions seem to affect the mechanical properties through the amount of intergranular phases formed, the volume fraction of porosity, and the grain size distribution, as Table III and Fig. 3 suggest. The increasing amount of intergranular phases and the concomitant increase in sintered density enhanced the flexural strength of the AlN. This is according to the microstructural observations on fracture surfaces (not shown) that clearly showed a number of transgranularly fractured grains, indicating strong bonding and high strength of the intergranular phase. The increase in the amount of sintering additives resulted in a decrease of microhardness due to the lower hardness of the secondary phases between AlN grains in comparison to that of crystalline AlN grains. Table III and the results of XRD analysis (Fig. 4) show that thermal conductivity is sensitive not only to density 34 and microstructural features (grain size, amount of intergranular phases) but also, mainly, to the secondary crystalline phases formed. In fact, thermal conductivity varied with the total amount and ratio of sintering additives. Compositions B and C, containing a total amount of sintering aids of only 3 wt%, present the lowest thermal conductivity values. Composition C with a combination of the two additives (2 wt% YF 3 and 1 wt% CaF 2 ) is slightly more thermally conductive, although it exhibits a somewhat lower densification. The combination of the two additives is still favorable to thermal conductivity when the total amount of sintering aids was increased to 5 wt% (compositions A and D). If the given ratio, as in compositions C and E, was kept but the total amount of sintering aids was increased, thermal conductivity increased. However, further increasing the total amount of sintering aids at the expenses of CaF 2 (composition F) resulted in slightly lower thermal conductivity. These results suggest that the total amount of sintering additives of 3 wt% might be insufficient to fully react with residual oxygen at the surface of AlN particles and to accomplish the oxygen removal from both the lattice and the surface. Contents of sintering additives <6 wt% led to excessive amounts of intergranular phases and to changes in the wetting regime. According to the wetting ability, the intergranular phases might be located preferentially at the grain boundaries or in the triple points.
The key condition for obtaining AlN ceramics with high thermal conductivities is the cleaning of the AlN lattice and grain boundaries, i.e., the removal of oxygen from the lattice and grain boundaries to increase the phonon mean free path. During sintering, oxygen covering the surfaces of the AlN particles can diffuse into the lattice to produce aluminium vacancies, which decrease the thermal conductivity of AlN ceramics by scattering phonons. 3, 36 The presence of additives decreases the oxygen defects by two routes: (i) the additives react with the oxygen to form aluminates and thus decrease the oxygen content of the AlN particles, and (ii) a microstructural change occurs as the aluminate de-wets the grain boundaries and segregates to the grain junctions leading to AlN-AlN grain boundary contacts. 3 To shed light on the influence of the amount of sintering additives on the thickness of the intergranular liquid phase and to analyze their composition and location, TEM analysis with energy dispersive spectroscopy (EDS) results of the AlN samples with different amounts of sintering additives are shown in Fig. 4 . Figure 4 confirms the high degree of densification and shows that the AlN grains are in close contact with each other, mediated by a thin layer of secondary phases at the grain boundaries, the optical contrast of which increases with the YF 3 /CaF 2 ratio due to the high atomic number of Y element. For a given ratio, the contrast seems to decrease with increasing total amount of sintering additives, which favors a better integration of the surface oxygen in the secondary phases. The grain boundary phases consist of Al, O, and Ca in sample A, containing only CaF 2 ; Al, O, and Y in sample B, containing only YF 3 ; and Al, Y, Ca, and O in samples containing YF 3 and CaF 2 , as can be observed in the EDS graphs. These results confirm that the chemical composition of the secondary phases varies with the amount and the proportion of sintering additives, which is in good agreement with the findings of other authors. 28 Comparison of the TEM micrographs of samples A, B, C, and D confirms that CaF 2 alone (sample A) or mixed with YF 3 in total added amounts of 5 wt% (sample D) determines a different distribution of the secondary phases. In fact, in all the samples, secondary phases are preferentially located along the AlN boundaries. Although higher amounts of sintering additives could react with all the oxygen present at the surface of AlN particles, the segregation of the secondary phases to the triple points was not verified, probably due to good wetting behavior of the liquid phase with respect to AlN grains. According to Hundere et al., 35 the wetting ability of the Y-Al-O containing phase on AlN grains was found to be dependent on the content of oxygen impurities on the AlN grain surface. A Y-Al-O containing phase wets an AlN surface if oxide is present because the energy ratio between the liquid-solid surfaces is supposed to be higher for a pure nitride surface than for an AlN surface with oxygen impurities when the liquid is an oxide melt. The irradiated electron beam scattered over the region Fig. 4. (continued) of the secondary phases of samples B to F, indicating that some of the Y and Ca elements form crystalline phases while the remaining elements exist as amorphous film. In sample A, no diffraction pattern was observed. To analyze the secondary phases formed during sintering, XRD analysis of the AlN samples with different amounts and ratio of YF 3 and CaF 2 sintered at 1750°C was performed. Minor peaks corresponding to secondary grain boundary phases could be detected together with much stronger AlN peaks. When plotted on the same scale, the peaks of secondary phases appeared more or less flat due to the high difference in the intensity. Therefore, the peaks of AlN were partially cut to allow the peaks of secondary phases to be distinguished, as shown in Fig. 5 . The secondary phase formed in sample B containing only YF 3 as a sintering aid is predominantly yttriumaluminium garnet (YAG) Y 3 Al 5 O 12 , but in the samples containing YF 3 and CaF 2 mixtures, the major secondary phase is yttrium-aluminium perovskite (YAP) YAlO 3 with a trace of CaF 2 . The presence of these secondary phases YAlO 3 or Y 3 Al 5 O 12 instead of Y 2 Al 4 O 9 explains the relatively low thermal conductivity values measured for all the samples. It has been claimed that when Y 2 Al 4 O 9 is produced instead of Y 3 Al 5 O 12 or YAlO 3 , the highest thermal conductivity can be achieved. 26 The presence of an amorphous intergranular phase, as in sample A, or an insufficient amount of sintering additives to dissolve the surface oxygen, as in samples B and C, might provide other reasons to justify the low measured thermal conductivities. Increasing the total amount of sintering additives (samples E and F) increases the amount of secondary phases formed and simultaneously weakens the resolution of AlN XRD peaks. At the same time, thermal conductivity seems to increase first (sample E) and then tends to decrease (sample F), suggesting that a compromise between the amount and nature of the secondary phases should be sought to enhance thermal conductivity.
Alternative ways to improve thermal conductivity involve higher sintering temperatures and longer sintering times, which favor cleaning the grain boundaries by removing oxygen impurities, 28, 31 but the processing costs will increase.
IV. CONCLUSIONS
The results presented in this work lead to the conclusion that fully dense and relatively high thermal conductive AlN ceramics can be consolidated by slip casting from aqueous suspensions and pressureless sintering at a temperature as low as 1750°C for a short time period of 2 h. This means that the organic solvents typically used to process this material can definitely be replaced by water. It was also shown that both the amount and ratio of the sintering additives play important roles in the microstructural development and in determining the final physical properties of the sintered bodies. The mixture of 4 wt% YF 3 + 2 wt% CaF 2 was the most appropriate combination for the sintering conditions tested; it enabled thermal conductivity as high as 115 W/m.K to be achieved.
